To characterize the properties of connexin 46 hemichannels in differentiating fiber cells isolated from mouse lenses. METHODS. Differentiating fiber cells were isolated from mouse lenses using collagenase. Cellular localization of connexin 50 (Cx50) and connexin 46 (Cx46) was assessed by immunofluorescence. Membrane currents were recorded using whole cell patch clamping. Dye uptake was measured using time-lapse imaging. RESULTS. In freshly dissociated fiber cells isolated from knockout Cx50 (KOCx50) mouse lenses, removal of external divalent cations induced a macroscopic current composed of large conductance channels. This current was reduced at a holding potential of Ϫ60 mV, activated on depolarization, and had a reversal potential near 0 mV. These properties were very similar to those of Cx46 hemichannel currents recorded in single Xenopus oocytes. If the currents observed in divalent cationfree Ringer's solution were due to Cx46 hemichannel opening, then dye influx by gap junctional/hemichannel permeable dyes should be measurable in the fiber cells. To measure dye influx, the authors used the positively charged dyes, propidium iodide (PrI) and 4Ј-6-diamidino-2-phenylindole (DAPI). In the absence of external calcium, fiber cells took up both dyes. Furthermore, dye influx could be inhibited by hemichannel blockers. To confirm that this current was due to Cx46 hemichannels, the authors studied fiber cells isolated from the lenses of double knockout (Cx46 Ϫ/Ϫ ; Cx50 Ϫ/Ϫ ) mice and demonstrated that both the calcium-sensitive conductance and dye influx were absent. CONCLUSIONS. These results show that Cx46 can form functional hemichannels in the nonjunctional membrane of fiber cells. (Invest Ophthalmol Vis Sci. 2011;52:882-889)
G ap junctions are membrane specializations containing intercellular channels that allow the passage of ions and small metabolites between neighboring cells. These channels are made up of protein subunits called connexins, which are members of a multigene family with at least 20 human members. 1 A gap junctional hemichannel, or connexon, is an oligomeric protein composed of six connexins. Two connexons from neighboring cells dock to form a gap junctional channel. During gap junction channel formation, connexons traffic to the nonjunctional plasma membrane, where they reside as functional hemichannels before assembling into gap junctional channels (reviewed in Ref.
2). These hemichannels are usually closed at negative resting potentials. However, they can be activated in response to certain stimuli such as depolarization or reduction in external calcium concentration. [3] [4] [5] Cx46 is a gap junctional protein that is expressed at high levels in lens fiber cells along with Cx50. 6, 7 The importance of this protein in maintaining lens transparency has been demonstrated by the observation that mutations in Cx46 produce cataracts in humans and mice. 8 -10 Furthermore, genetically engineered mice deficient in Cx46 develop severe cataracts that are associated with a partial loss of coupling of the differentiating fibers and a complete loss of gap junctional coupling of the mature fiber cells. 11, 12 The functional properties of gap junctional channels and hemichannels formed by Cx46 have been characterized in exogenous expression systems such as Xenopus oocytes and communication-deficient mammalian cell lines. 4, 6, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] These studies show that Cx46 not only forms gap junctional channels but also forms functional hemichannels in the nonjunctional plasma membrane of single oocytes. The hemichannels close over a narrow range of calcium concentrations (1-2 mM) when held at a membrane potential of Ϫ10 mV.
Evidence for the presence of connexin hemichannels in lens fiber cells came from a study by Rae et al. 23 who showed that removal of extracellular divalent cations resulted in a decrease in resting membrane potential and a large increase in input conductance of the intact lens. These effects were originally attributed to activation of a stretch activated, nonselective cation channel, but another possibility is that they were due to Cx46 and Cx50 hemichannels whose probability of opening is increased in low [Ca 2ϩ ] o . 4 Further evidence for the presence of connexin hemichannels in the lens came from a study by Eckert et al. 24 who identified a large, nonselective current in isolated fiber cells that resembled the membrane currents recorded from Xenopus oocytes injected with cRNA for rat Cx46. 4 Recently, our laboratory developed a technique for producing a viable, isolated mouse fiber cell preparation. This preparation is amendable to electrophysiological analysis using patch clamp recording techniques. In the present study, we used freshly isolated fiber cells that were deficient in Cx50 to study the properties of Cx46 hemichannels.
METHODS

Mouse Breeding
KOCx50 mice 25 were interbred with KOCx46 mice 11 to produce KOCx50-KOCx46 animals. Genomic DNAs isolated from tail biopsies were genotyped by polymerase chain reaction (PCR) using previously described protocols. 11, 25, 26 
Dissociation of Differentiating Lens Fiber Cells
Mice (4 -5 weeks old) were killed by CO 2 asphyxiation and cervical dislocation in accordance with protocols approved by the Rosalind Franklin University Animal Care and Use Committee and in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The lenses were dissected free from the extracted eyes and placed in dissociation buffer (DB, in mM: 170 NaGluconate, 4.7 KCl, 5 glucose, 5 HEPES, pH 7.4). Adherent non-lens material was carefully removed from the lens with a pair of forceps. A posterior tear was made in the lens capsule and the capsule was removed. The epithelial cells and strands of elongating fiber cells remained attached to the capsule. The capsule and adherent epithelial and fiber cells were incubated in DB containing 0.125% collagenase (Type IV, Worthington Biochemical, Lakewood, NJ) and 0.5% protease (type XXIV, SigmaAldrich, St. Louis, MO) at room temperature for 15 to 30 minutes. Then the capsule was resuspended in DB containing TrpLE (Invitrogen Life Technologies, Carlsbad, CA) and incubated for an additional 1 to 2 minutes. The capsule was washed once with DB and resuspended in DB. The epithelial and young fiber cells were removed from the capsule by gentle trituration with a fire-polished Pasteur pipette. The cells were then pelleted (1000g for 2 minutes) and resuspended in DB. The isolated cells were used immediately for patch clamp and imaging experiments.
An alternative procedure for dissociating fiber cells involved treating the capsule with DB containing 0.125% collagenase (Type IV, Worthington Biochemical) and 0.5% protease (type XXIV, Sigma-Aldrich) at 37°C for 12 to 30 minutes, then resuspending the capsule in DB containing 0.125% collagenase and incubated for an additional 10 minutes at room temperature.
Immunofluorescence Localization
Dissociated lens (fiber) cells were collected on collagen-coated glass coverslips, fixed in iced methanol at Ϫ20°C for 10 minutes and stored at Ϫ4°C before immunostaining. Cells on coverslips were re-equilibrated in phosphate-buffered saline (PBS), pre-incubated in 30% normal serum (goat or donkey) for 25 minutes at room temperature and incubated in primary antibodies for 2 1 ⁄ 2 hours at 37°C. Six washes in PBS over 30 minutes were followed by incubation in fluorophoreconjugated secondary antibody IgGs for 1 hour at 37°C. After six washes in PBS over 45 minutes, immunostained specimens were mounted in antifade reagent with DAPI (Prolong Gold, Invitrogen) and left overnight in the dark. Specimens were observed and images captured using a microscope (Leica DMRB; Leica Microsystems, Wetzlar, Germany) equipped with a camera (Hamamatsu CCD; Hamamatsu, Bridgewater, NJ) and imaging software (Openlab; Improvision, Coventry, England).
The following antibodies were used: mouse monoclonal IgM directed against connexin 50 (Zymed; Zymed Laboratories, San Francisco, CA), rabbit polyclonal antibodies for connexin 46 (Alpha Diagnostic International, San Antonio, TX), Fluorescence-labeled secondary antibodies were purchased from Jackson ImmunoResearch (West Grove, PA) and included FITC goat anti-mouse IgM and donkey antirabbit IgG (DyLight 594, Jackson Immunoresearch).
Electrophysiological Recording and Analysis
Membrane currents were recorded in dissociated fiber cells using the whole cell patch clamp technique. A collagen-coated, glass bottom tissue culture dish (MatTek, Ashland, MA) was used as the recording chamber. Only fiber cells that appeared to be healthy based on morphologic criteria and tightly adherent to the bottom of the recording chamber were used for experiments. A computer-controlled patch clamp amplifier (MultiClamp 700A, Molecular Devices, Sunnyvale, CA) was used to control membrane potential and measure membrane current. The resistance of the patch pipettes was 2 to 6 m⍀ when filled with standard internal solution. The internal solution contained (in mM): 150 CsCl, 10 EGTA, 0.5 CaCl 2 , 3 MgATP, 2 Na 2 ATP, 10 HEPES-Na, pH 7.4, osmolarity 310 to 320 mOsm. The standard extracellular solution was divalent cation-free NaGluconate Ringer's which contained (in mM): 150 NaGluconate, 4.7 KCl, 5 glucose, 5 HEPES, pH 7.4, osmolarity 310 to 320 mOsm. The osmolarity was measured using a vapor pressure osmometer (Wescor, Logan, UT). The patch pipette was positioned on the cell with a piezoelectric micromanipulator (Burleigh PCS-5000; Exfo Life Sciences, Mississauga, Ontario, Canada). Pulse generation and data acquisition were performed using a PC computer equipped with commercial software (PCLAMP 9.2; Molecular Devices) and an acquisition system (Digidata 1320A; Molecular Devices). The cell was focally perfused with drugs using a millimanifold applicator (ALA Scientific, Farmingdale, NY) whose tip was brought near and pointed at the cell of study using a manipulator. Using this system, solutions flowing over the cell could be changed within a few seconds. The bath was grounded via a 1 mm diameter silver wire electrode mounted in a pipette tip filled with 3M KCl agar. Images of fiber cells were acquired via a cooled CCD camera (Coolsnap ES2, Photometrics; Roper Scientific, Tucson, AZ) driven by an imaging program (Nikon Elements; Nikon Instruments, Melville, NY). All the experiments were conducted at room temperature (21-24°C). Data were analyzed using three different programs (PCLAMP 9. All the membrane potentials in the graphs were corrected for liquid-junction potentials after the experiment using the "junction potential calculator" interface (Clampex version 9.2; Molecular Devices). The voltage clamp protocols were not corrected for the liquid junction potential. They represent the command potentials that were applied to the patch pipette.
Instantaneous I-V curves were determined by measuring the isochronal tail currents. Ionic currents were evoked by pulsing from a holding potential of Ϫ60 mV to ϩ80 mV for 1.5 seconds and then hyperpolarizing to different test potentials. Tail current amplitudes were determined at isochronal points ranging from 4 to 10 ms after repolarization. The exact time at which the tail current amplitude was measured depended on the time required for the capacitive transient to decay to a value close to zero.
Fluorescence Imaging
Dissociated lens fibers in 150 L of DB were placed on a collagencoated glass bottom culture dish (MatTek, Ashland, MA) for 15 minutes allowing the fibers to attach. The dish was then fitted with a closed bath insert (RC-37FC; Warner Instruments) connected to perfusion reservoirs and perfused with NaGluconate Ringer's solution. The whole device was then mounted on an inverted microscope (Nikon TE2000; Nikon Instruments) outfitted with a motorized microscope stage (Prior ProScan; Molecular Devices) controlled by imaging software (Metamorph Imaging; Molecular Devices) and imaged with a 20 ϫ 0.75 NA objective (Plan-Apochromat; Nikon Instruments). After the fields with fiber cells were selected and registered in the imaging system, and 2 mL of NaGluconate Ringer's solution containing 2 M PrI and 2 M DAPI were perfused through the device, image capturing was initiated at 2-minute intervals using a cooled CCD camera (Cascade 512B; Roper Scientific). Filter combinations for excitation/emission were set at 360/465 for DAPI and 572/630 for PrI. At specified times, perfusion of NaGluconate Ringer's solution containing desired inhibitors was performed, and images were captured as previously.
The fluorescence intensity was measured (Metamorph Imaging software; Molecular Devices). For each fiber cell measured, a region covering a representative area in the fiber cell and another region outside the cells to represent the background were measured. The values were exported to Excel for analysis. The corrected intensity at each time point was generated by subtracting the background intensity from fluorescence intensity in fiber cells.
RESULTS
We isolated single fiber cells and small groups of fiber cells from 4 to 5 week old KOCx50 mouse lenses. The fiber cells ranged between 15 to 400 m in length. Most of these cells still contained nuclei that could be visualized using DAPI indicating that they were from the outer cortex. Some of these cells adhered to the bottom of a tissue culture dish and could be maintained in divalent cation-free Ringer's solution in which chloride had been replaced by gluconate for several hours. These cells were viable when assessed using the LIVE/DEAD assay (Invitrogen), which tests for intracellular esterase activity and ethidium homodimer exclusion in viable cells (data not shown).
We have used this preparation to characterize Cx46 hemichannels. Membrane currents were recorded in whole cell patch clamp mode. To minimize contamination by chloride and potassium channels, divalent cation-free NaGluconate Ringer's was used as the bath solution and the pipette solution was filled with CsCl internal solution. Under these conditions, the main current in the cells was a time-and voltage-dependent current that was partially closed at a holding potential of Ϫ80 mV and slowly activated on application of 20 seconds depolarizing steps between Ϫ70 and ϩ80 mV (Fig. 1) . After repolarization to Ϫ80 mV, the current rapidly deactivated. The steady state current-voltage relationship was outwardly rectifying and showed an apparent reversal potential of ϳϪ4 mV. These properties resembled those of Cx46 hemichannels expressed in Xenopus oocytes. 4 This current was present in nearly every fiber cell that was tested, although the extent of channel activation at negative potentials varied between cells. In addition, the current tended to run down during prolonged recordings. The amplitude of the current (measured at the end of a 20 seconds pulse to 80 mV) was linearly correlated to fiber cell length and cell capacitance (Fig. 2) .
To measure the reversal potential and deactivation kinetics, a two-pulse protocol was used. The channels were first depolarized to 80 mV for 1.5 seconds to activate most of the channels and then repolarized to different test potentials as illustrated in Figure 3A . Figure 3B shows the instantaneous I-V curve determined by plotting the peak amplitude of the tail current as a function of voltage during the test pulse. The value of reversal potential was estimated to be Ϫ5.8 mV in this experiment. The time course of decay of the tail currents could be described by a monoexponential process. The values for the time constants of deactivation were plotted as a function of test potential in Figure 3C . The time course of deactivation became faster at more negative potentials.
In some of the smaller fibers, only a few channels were observed. These cells were suitable for studying single hemichannels. Figure 4 shows an example of a family of current traces recorded from a cell that contained only a small number of channels. At negative potentials, it was possible to measure discrete current jumps corresponding to the opening and closing of single hemichannels. The average size of these current jumps was 13 pA at Ϫ54 mV, which corresponded to a single channel conductance (␥ o ϭ 241 pS). In 4 fiber cells, the mean value of ␥ o was 243 Ϯ 6.5 pS, which fell into approximately the same range as that previously reported for Cx46 hemichannels in transfected HeLa cells using the whole cell patch clamp technique under ionic conditions similar to those used in our study. 27 A feature that distinguishes Cx46 hemichannels from other large, nonselective channels such as pannexins is that they are inhibited by external divalent cations. 28 If the large currents observed in divalent cation-free Ringer's solution are due to Cx46 hemichannel opening, then dye influx by gap junctional/hemichannel permeable dyes should be measurable in the fiber cells. Furthermore, dye uptake should be inhibited by agents known to block Cx46 hemichannels such as calcium, Gd 3ϩ , and FFA. 29 -31 Figure 6 shows an example of dye uptake measurements in a KO Cx50 fiber cell. To measure dye influx, we used the positively charged dye, propidium iodide (PrI) which has a molecular weight of 415 D and two positive charges. In the absence of external calcium, the fiber ] o resulted in greater than 90% inhibition of dye uptake. After washout of calcium, dye uptake partially recovered. Similar results were obtained when DAPI was used to measure dye uptake. Application of 250 M Gd 3ϩ , 300 M FFA, or 3 mM octanol also caused reductions in dye uptake. Figure 7 summarizes the effect of each of these agents on dye uptake. Gadolinium was the most potent of these blockers. At a concentration of 250 M, Gd 3ϩ inhibited greater than 95% of dye uptake. Dye uptake could also be blocked consistently by 2 mM [Ca 2ϩ ] o . In contrast, 300 M FFA or 3 mM octanol exhibited weaker and more variable effects.
To confirm that the calcium-sensitive conductance and dye influx were due to Cx46 hemichannels, we studied fiber cells isolated from the lenses of double KO (Cx46 Ϫ/Ϫ ; Cx50 Ϫ/Ϫ ) mice. In agreement with results previously reported by Xia et al., 32 double KO lenses displayed severe cataracts but the peripheral fiber cells remained healthy. We were able to successfully isolate peripheral fiber cells from double KO lenses using the same approach that we used for the KOCx50 lenses. The deletion of Cx50 and Cx46 was confirmed by immunohistochemical analysis of dissociated fiber cells from the double KO lenses (Fig. 8) . As expected, Cx46 and Cx50 were absent in the double KO, whereas fibers from KOCx46 and KOCx50 mouse lenses showed substantial immunolocalized Cx50 and Cx46, respectively, in regions of cell apposition. Table 1 compares the membrane properties of fiber cells isolated from double KO and KO Cx50 mouse lenses. Only fibers greater than ϳ50 m in length, corresponding to a cell capacitance Ͼ25 pF, were included in this analysis. The specific conductance of the double KO fiber cells ranged from 1.4 to 16.7 pS/pF. Raising external calcium from 0 mM to 1 mM had no significant effect on membrane conductance. In contrast, fiber cells isolated from KOCx50 mouse lenses were extremely leaky in zero added calcium and had a mean specific conductance of 187.9 Ϯ 153.6 pS/pF at a holding potential of 0 mV. Increasing external calcium caused most of the hemichannels to close, thus resulting in a reduction in membrane conductance to values comparable to those measured in double KO fibers. Figures 9A, 9B show examples of whole-cell current traces and corresponding steady state I-V relationships recorded from a double KO fiber. Unlike KO Cx50 fiber cells, the connexin-deficient cells showed little or no channel activity when studied under calcium-free conditions. No large currents with properties resembling those of Cx46 hemichannels were detected. Figure 9C plots steady state current (measured at the end of an 8-second pulse to 80 mV) versus cell capacitance for double KO cells (closed circles) and KO Cx50 cells (open squares). The area specific steady state current at 80 mV was significantly smaller for the double KO cells (Fig. 9D) .
We also evaluated dye uptake by double KO fiber cells. Figure 10 shows the average time course of uptake of PrI by KO Cx50 and double knockout fiber cells under divalent cation free conditions and after addition of 2 mM calcium. KOCx50 fibers showed robust dye uptake that could be blocked by 2 mM calcium. In contrast, double KO fiber cells showed little or no dye uptake. The PrI dye intensity measured at 40 min was on average 8x higher in KOCx50 fibers compared to double KO fibers.
DISCUSSION
Our results strongly support the hypothesis that lens fiber cells express functional Cx46 hemichannels that can be activated by depolarization or removal of external calcium.
These channels occurred ubiquitously in freshly dissociated, differentiating fiber cells. Even short cells, measuring Ͻ50 m in length, exhibited some Cx46 hemichannel activity. Consistent with the electrophysiological data, immunofluorescent localization of Cx46 in isolated lens cells demonstrated anti-Cx46 immunoreactivity in cells as short as 20 m in length. We feel that it is unlikely that this current represents an artifact induced by the cell dissociation procedure since a similar calcium-sensitive conductance has been observed in the intact lens. 23 Interestingly, fiber cells that were deficient in both Cx46 and Cx50 showed little or no channel activity under conditions designed to minimize contamination by choride and potassium currents. The area-specific conductances of these cells were extremely low, having values comparable to those previously determined by whole lens impedance analysis. 33 These results suggest that connexin hemichannels may provide a pathway for influx of calcium and sodium in fiber cells. Under normal conditions, the amount of calcium and sodium entering the fiber cells would be expected to be small since Cx46 hemichannels have a low probability of opening at negative potentials in the presence of 1 mM [Ca 2ϩ ] o . Nevertheless, this pathway may be sufficient to account for most of the sodium influx in the lens since the fiber cell sodium conductance has been estimated to be very low under physiological conditions. 34 When fiber cells are studied under conditions that enhance connexin hemichannel activity, their opening would be expected to trigger a complex sequence of events including loss of membrane potential, disruption of transmembrane ion gradients, and entry of calcium ions, followed by decreased metabolic activity (and loss of cytoplasmic ATP), activation of intracellular proteases and fiber cell death.
One situation in which enhanced hemichannel activity may occur is during fiber cell isolation. Fiber cells, when isolated in the presence of physiological concentrations of calcium, rapidly vesiculate into a series of right-side-out vesicles. [35] [36] [37] The mechanisms underlying this process have been investigated in detail in a series of studies by Bhatnager and co-workers [37] [38] [39] [40] [41] [42] who showed that fiber cell globalization was associated with an increase in intracellular calcium [Ca 2ϩ ] I , leading to an activation of intracellular proteases. This process could be slowed down or prevented by lanthanum, which blocks calcium uptake, BAPTA-AM, which buffers intracellular calcium, or removal of external chloride, which prevents Donnan swelling. Gadolinium, an irreversible blocker of connexin hemichannels and nonselective, stretch-activated cation channels, has also been shown to effectively inhibit fiber cell vesiculation. 43 A similar process occurs in diabetic cataracts where fiber cells accumulate sorbitol, which in turn induces osmotic swelling under isotonic conditions. 44 Enhanced hemichannel activity may also be responsible for some forms of inherited cataract. Recently, we identified a novel heterozygous "gain of hemichannel mutation", hCx50G46V, in a child with an early onset total cataract. 45 Expression of hCx50G46V in Xenopus oocytes or HeLa cells had a deleterious effect on cell growth and/or survival. The dependence of hCx50G46V-induced cell death on hemichannel activity was suggested by the survival of Xenopus oocytes at increased extracellular concentrations of Ca 2ϩ .
SUMMARY
Our results verify the existence of Cx46 hemichannels in isolated lens fiber cells. These channels may serve as a pathway for entry of sodium and calcium in the lens. Additional studies are needed to define the relative contribution of hemichannels versus purinergic receptor signaling and other sodium or nonselective cation channels during both physiological and pathophysiological conditions. 
